Detection of cysts from the brains of inoculated rats 167
9 Examination of cysts was performed at 60 days post infection. Rats were sacrificed 169 after being anaesthetized with CO 2 and brains were collected. Each brain was 170 homogenized with 2 ml of sterile saline. Cysts within 10 μl samples were carefully 171 quantified by microscopy using a cover slip (22 x 22 mm) at 100x magnification. Rats 172 found with brain cysts were considered positive (established infection), otherwise 173 they are recorded as negative. Tissue (brain, heart, liver, spleen, lung, kidney and 174 muscle) and blood from negative rats were further tested by PCR ( 
Statistical analysis 178 179
Infection rates were analyzed using the Chi-square-test. Cyst counts from each 180 group were also given as Mean ± Standard Error of Mean (SEM), which were 181 analyzed by the two-way-ANOVA test. Levene' Test determined equality of error 182 variances, if p ≤ 0.05 (in case of inequality), the Dunnett's T3 (not shown) and 183
Tamhane's T2 post-hoc tests were used to confirm which pairs were significant. 184
Otherwise (when p > 0.05), Least-significant Difference (LSD) and 185 Student-Neuman-Keuls (SNK) post-hoc tests would be applied. Significant 186 differences were accepted at the level of 95% confidence (i.e., p < 0.05). Correlation 187 coefficients were calculated using data on cyst burdens and percentage infection 188 brains of four rat strains including BN, SD, WST and LEW (Fig. 1) , suggesting that these 207 adult rats are indeed naturally resistant to this parasite. However, a large cyst burden 208 (1231±165.6; range 820-1800) was found in the brains of F344 rats indicating that this 209 strain of rat is susceptible to infection by this parasite. By comparison with the other 4 210 11 strains of rat, the fact that cyst-positive rats were found in all F344 individuals (100%) 211 suggests that susceptibility in this strain is likely to be due to a genetic predisposition 212 rather than a sporadic event. 213 214
Diversity in the infection rate of neonate individuals among the five rat strains 215 216
We inoculated (i.p.) neonate rats aging 5-20 days from the same five strains to 217 investigate their variance in susceptibility to T. gondii infection. The number of cysts in 218 brains was determined at 60 days post-inoculation with T. gondii Prugniaud cysts (Table  219 1). Overall, diversity was observed in the proportion of infected neonates in our test strains 220 (Chi-Square Tests, p < 0.001). Firstly, taken together as a general group, the neonates 221 showed a greater proportion of cyst-positive animals when compared with the general 222 group of adults (detailed comparisons are shown in the following section 3.4). For 223 example, all the adults of strains SD, BN, WST and LEW had no detectable cysts in any 224 animal while at least some, and in the case of BN all, of the neonates from each of these 225 strains were cyst-positive. Only in strain F344 were all the age groups (including adults), 226 we tested, cyst-positive. All neonates of the F344 and BN rat strains (F344: 42/42; BN: 227 28/28) were found to be cyst-positive with T. gondii Prugniaud strain. Only 55.9% 228 (53.8-60%) of the neonates of the SD strain were positive, which was significantly lower 229 than the F344 and BN rat strains (SD vs F344, p < 0.001, and SD vs BN, p < 0.001) but no12 significant difference was found when comparing the infection rates in the same rat strain 231 across the 4 age-groups of SD neonates. 232
In the remaining two strains of rat, WST and LEW, both were highly resistant to T. 233 gondii Prugniaud strain infection even in the neonate individuals. The average infection 234 rate across all time points of these 2 rat strains was found to be significantly lower than 235 F344, BN or SD (WST vs F344/BN/SD, p < 0.001, p < 0.001 and p = 0.001, respectively; 236 LEW vs F344/BN/SD, p < 0.001, p < 0.001 and p < 0.001, respectively). In WST pups, 237 cysts were found only in the 5-day-old individuals (3/7, 42.9%) and 10-day-old individuals 238
(1/6, 16.7%), while cysts were not detected in any older groups. For the LEW strain of rat, 239 cysts were only observed in the 5 day-old individuals (2/8, 25%). The frequency of 240 infected neonates declines with advancing age of infection to zero in the LEW rats and 241 other categories of the WST neonates, indicating the establishment of high resistance 242 against toxoplasmosis in these neonate groups. PCR tests using specific primers were also 243 performed on all the negative rats' brain, heart, liver, spleen, lung, kidney, and muscle 244 tissues, which confirmed the negativity of toxoplasmosis (data not shown). 245
Overall, infection rate results were further analyzed by Chi-Square tests, which showed 246 that the variable of "rat strain" (p < 0.001) but not "age" (p = 0.156) or "age * strain" 247 interaction (p = 0.464) significantly influenced the sensitivity of neonates to the parasite. 248
When each rat strain was taken individually and analysis conducted to test the hypothesis 249 that increasing age is linked with decreasing infection in neonates, no significant 250 difference in the infection rate was found among different age groups of neonates in any 251 13 given rat strain (SD, p = 0.996; LEW, p = 0.105; no statistics are computed in F344 and 252 BN because all are positively infected). Only in WST neonates does the "age" effect 253 approach significance at p = 0.066, suggesting that this strain of rats may have high 254 resistance to cyst formation as adults but show less resistance at a younger age. 255 256
Toxoplasma gondii cyst burdens in the brains of newborns from different rat strains 257 258
With the same set of newborn rats we describe in Table 1 in the cyst number was found among different age groups in any given rat strain and 264 results from two-way ANOVA tests showed that the variable of "rat strain" (p < 0.001) 265
but not "age" (p = 0.196) significantly influenced the cyst burden. However, the 266 "age * strain" interaction approached significance at p = 0.056, suggesting that strains 267 of rats that have high resistance to cyst formation as adults may show less resistance 268 at a younger age. 269
In detail, all pups in both F344 and BN rat strains were positive with T. gondii cysts. 270
The cyst loads in the brains were observably more in F344 rats than in BN rats (1941 271 ± 141 versus 608.6 ± 75.0, p < 0.001). The difference in cyst loads were not 272 14 significantly different between BN and SD newborns (SD: 312.1 ± 74.1, p = 0.065). 273
Consistent with the infection rates described previously, the numbers of cysts counted 274 in the brains of inoculated LEW and WST rats were significantly lower than those 275 from the other strains mentioned above (LEW (9.68 ± 7.11) vs F344/BN/SD, p < 276 0.001, p < 0.001 and p = 0.003, respectively; WST (46.43 ± 27.5) vs F344/BN/SD, p 277 < 0.001, p < 0.001 and p = 0.017, respectively). 278
Taken together, data from the current work provide evidence that there are marked 279 differences in the resistance to cyst formation of the T. gondii Prugniaud strain in the 280 brains of newborn individuals among the five different rat strains. In brief, the F344 281 newborns are the most susceptible to T. gondii infection, followed by the BN strain 282 with moderate susceptibility. The LEW and the WST strains, on the other hand, show 283 high resistance while the SD has mild resistance to the T. gondii Prugniaud strain. 284 285
Toxoplasma gondii brain cyst burdens differ between neonates and adults 286 287
Since the method and size of inocula differs between the newborns and adults, (see 288 Materials and Methods), it would be far-fetched to make a direct comparison of the 289 outcomes from them. Despite these factors, we observed that the neonates, taken 290 together as a general group, showed a greater proportion of cyst-positive animals and 291 higher cyst burdens than the group of adults. Results from two-way ANOVA tests 292
showed that the variable of "rat strain" (p < 0.001) and "age" (p = 0.003) and the 293 15 "age * strain" interaction (p = 0.016) significantly influenced the cyst burden. The 294 significance by variable of "age" was not observed if adults' data was excluded (see 295 section 3.2), as the main differences were found only between the adult groups and 296 neonate groups. 297
However, a closer look at the situation of each strain, "age" does not always 298 Taken together, we have observed a limited "age" effect in our data, which may be 304 due to the narrow age windows (day 5 to day 20 and adult) tested. 305 and this was associated with lack of infection with the Prugniaud strain in adult rats. 319
The remaining two strains had ratios that were close to 1:1 -BN (ratio 0.54) and F344 320 (ratio 1.48) (Li et al. 2012). In these two cases, only adult F344 rats, surprisingly with 321 the higher ratio, were susceptible to Prugniaud infection. 322
There was a highly significant negative correlation (-0.88; p < 0.01) between rat 323 strain iNOS/Arg-1 ratio in adults obtained from the previous studies (Li et al. 2012) 324 and percentage of cyst-positive neonates reported in this study. Furthermore, there 325 was a highly significant negative correlation (-0.65; p < 0.01) between rat strain 326 iNOS/Arg-1 ratios, previously reported, and means of brain cyst burden for all age 327 groups in same strain found in this study. Fig. 3a shows the relationship between total 328 percentage of neonates capable of establishing infection for each rat strain and the 329 peritoneal macrophage iNOS/Arg-1 protein ratio previously reported for each strain. 330
Rat strains BN and F344 with ratios close to 1:1 both show 100% infection in 331 neonates, while increasing iNOS/Arg-1 ratios are associated with a decreasing 332 proportion of cyst-positive pups in SD, WST and LEW respectively. Interestingly, the 333 LEW rat strain has a very high ratio of iNOS/Arg-1 protein (8.31) and this seems to 334 be associated with strong resistance to infection in the LEW neonates. 335
There appears to be differences in age-related susceptibility between the rat strains. 336 Fig. 3b shows the relationship between age-related cyst positivity and rat strain (and 337 iNOS/Arg-1 protein ratio). There is a striking reduction in infection rate of neonates 338 associated with those rat strains with high iNOS/Arg-1 protein ratios. The age related 339 decline in infection observed in the LEW and WST neonates appears to be mirrored 340 by higher iNOS/Arg-1 ratios. A comparison of cyst burden in neonates and 341 iNOS/Arg-1 protein ratios also produces a similar pattern (data not shown). 342 iNOS is a key effector to control the parasite infection. Our present data here show 369 that such resistance is also applied to the cyst-forming type II/III strains of T. gondii. 370 Based on our results, all neonates of the 5 strains of rat showed a degree of 371 susceptibility to the T. gondii Prugniaud infection. The rat strain with an 372 iNOS/Arg-1protein ratio close to 1:1 (eg BN and F344) conferred a higher degree of 373 susceptibility to the cyst forming Toxoplasma strain than those with a higher ratio 374 such as LEW, WST and SD. These results were further corroborated by another study 375 in our laboratory (Wang et al., 2014 ). Wang and colleagues demonstrated that the 376 treatment with glucocorticoids could significantly increase the cyst formation of T. 377 19 gondii Prugniaud strain in F344 and data indicated that this treatment was linked to 378 lower iNOS/Arg-1 ratios (Wang et al. 2014 ). This suggests that the resistance to 379
Toxoplasma infection in different strains of rat is a significant genetic trait that is 380 variable between strains which can be further modified by drug treatment. This 381 variability in these inbred rat lines may be indicative of a wider diversity of 382 resistance/susceptibility in naturally occurring outbred individuals. Unfortunately, we 383 were unable to assay the iNOS and Arg-1 expression levels of the peritoneal 384 macrophages from the neonates due to the limitation on animal numbers in our 385
licenses. Thus, we cannot comment on whether there is a difference in iNOS and 386
Arg-1 expression levels during the development of rat neonates and therefore, also, 387 cannot comment on the iNOS/Arg-1 ratios. Nevertheless, our findings are consistent 388 with the previous reports which indicated that LEW rats are totally resistant to T. brain cysts in the 10-day-old SD neonates than in the 15-day-old neonates when they 415 were perorally administered with T. gondii oocysts from an avirulent strain. We also 416 observed mild trends in BN rats and F344, but not in the other three strains, which 417 contributed more to our primary concept that host strain differences determine 418
Prugniaud infection outcome. all age groups of rats. A correlation coefficient of -0.88 shows that there is a strong 652 significant negative correlation (P<0.01). iNOS/Arg-1 protein ratios were calculated 653
